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INTRODUCTION 

The upgrading o f  coa l  l i q u i d s  has become necessary i n  o r d e r  t o  make 
acceptable f u e l s  f o r  home, t r a n s p o r t a t i o n  and i n d u s t r i a l  use. Several 
research groups have stepped up t h e i r  a c t i v i t i e s  i n  coa l  l i q u i d  up- 
grading, as evidenced by a r e c e n t  symposium (1). However, o n l y  a few 
s tud ies  have been r e p o r t e d  on c h a r a c t e r i z a t i o n  and s t r u c t u r a l  a n a l y s i s  
o f  t he  d i f f e r e n t  f r a c t i o n s  ob ta ined  i n  t h e  upgrading o f  coa l -de r i ved  
l i q u i d s .  

I n  t h i s  study, upgraded coal  l i q u i d s  from a b lend  o f  30 weight  percent  
o f  SRC I w i t h  70 weight  pe rcen t  o f  SRC 11, as w e l l  as f rom SRC 11, have 
been s tud ied  by I R  and NMR techniques.  
parameters o f  t h e  upgraded l i q u i d s  has been determined as a f u n c t i o n  o f  
r e a c t i o n  temperature and con tac t  t ime  i n  t h e  c a t a l y t i c  hydroprocessing. 
The r e s u l t s  i n d i c a t e  t h a t  a long w i t h  t h e  decrease i n  heteroatom contents ,  
asphaltene content ,  aromat ic  con ten t  and a corresponding i nc rease  i n  
a l i p h a t i c  content ,  t h e  hydrogen-bonded s t r u c t u r e  and pheno l i c  OH con ten t  
of t he  coal  l i q u i d s  d r a s t i c a l l y  decrease w i t h  increase i n  c o n t a c t  t ime  
and temperature. 
f o l l ows  a f i r s t - o r d e r  k i n e t i c s  b u t  no such dependence was observed i n  
case o f  a c i d i c  NH. 

The v a r i a t i o n  o f  s t r u c t u r a l  

The disappearance o f  pheno l i c  OH i n  upgrading process 

EXPERIMENTAL 

SRC I and SRC I 1  were made from Kentucky b i tuminous c o a l .  SRC I 1  was 
a l i q u i d  product  w i t h  i n i t i a l  b o i l i n g  p o i n t  o f  453 K and ex tend ing  i n t o  
end b o i l i n g  p o i n t  of 665K. 
l i s t e d  i n  Table 1, w i t h  t h e  r e s u l t s  o f  s o l v e n t  f r a c t i o n a t i o n  based on 
s o l u b i l i t y  i n  to luene  and pentane. The b lend  was prepared by adding 
30 p a r t s  SRC I t o  70 p a r t s  SRC I 1  by we igh t  a t  413-423 K f o r  2.5 hrs .  
under n i t r o g e n  pressure. 

SRC I 1  and t h e  b lend were hydroprocessed over a Ni-Mo c a t a l y s t  (Nalco 
NM504) i n  a t r i c k l e  bed r e a c t o r  a t  hydrogen pressure o f  3.8 MPa, l i q u i d  
hou r l y  space v e l o c i t i e s  (LHSV) o f  0.5, 0.75, and 1.0 h r - ] ,  and tempera- 
tu res  of 672 and 694 K. 
t h e  ox ide form was p r e s u l f i d e d  w i t h  a H2/H$ stream. 
experiments were c a r r i e d  o u t  d u r i n g  a 32-hour continuous opera t i on .  

I n f r a r e d  spect ra were recorded on s o l u t i o n s  i n  CS2 i n  a 5-mm KBr l i q u i d  
c e l l  w i t h  t h e  s o l v e n t  i n  t h e  compensating beam on a Beckman IR-20 i n -  
f r a r e d  spectrometer. The NMR s t r u c t u r a l  parameters ( 2 )  were determined 
before and a f t e r  hydroprocessing by us ing  a 60-MHz FT NMR spectrometer 
(Perkin-Elmer R-600). 

Elemental a n a l y s i s  o f  t he  two products  a re  

P r i o r  t o  t h e  hydroprocessing, t h e  c a t a l y s t  i n  
The hydroprocess ing 
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RESULTS AND DISCUSSION 

Severa l  p r o p e r t i e s ,  i n c l u d i n g  t h e  r e s u l t s  o f  elemental ana lys i s  and 
s o l v e n t  a n a l y s i s  f o r  t h e  two k inds  of feed m a t e r i a l s  and t h e i r  up- 
graded l i q u i d s ,  a r e  l i s t e d  i n  Table 2. The b lend and SRC I 1  a r e  
sometimes r e f e r r e d  as F-1 and F-2, r e s p e c t i v e l y .  Hydroprocessed 
l i q u i d s  f r o m  F-1 a r e  r e f e r r e d  as U-1 t o  U-4, w h i l e  t h e  upgraded 
l i q u i d  f rom F-2 i s  r e f e r r e d  as U-5, accord ing t o  t h e  var ious hydro- 
process ing r e a c t i o n  cond i t i ons  as shown i n  Table 2. Wi th  F-1 as 
feedstock, i nc rease  i n  the  H/C r a t i o  i s  found w i t h  increase i n  con tac t  
t i m e  a t  672 K, b u t  a s a t i s f a c t o r y  i nc rease  i n  H/C can be obta ined a t  
h i g h e r  temperature o f  694 K. 
U-5 a r e  comparable t o  those o f  l i g h t  pet ro leum crude o i l s  such as 
K i r k u k  and K h a f j i  (H/C: 1.68-1.80; s p e c i f i c  g r a v i t y :  0.85-0.89). 
Values o f  U-4 a r e  comparable t o  heavy pet ro leum crude o i l s  such as 
Eocene and Boscan (H/C r a t i o :  
(3) .  
t u r e .  

The I R  s p e c t r a  o f  F-1 and U-4 a r e  shown i n  Fig. 1. The decrease o f  
hydrogen-bonded s t r u c t u r e  a f t e r  upgrading i s  seen by t h e  dramat ic  
decrease o f  broad bands o f  3400 cm-1 (bonded OH) and 1610 cm-1 f o r  
U-4. The i n t e n s e  band o f  1610 cm-l f o r  F-1 i s  due t o  t h e  hydrogen- 
bonded ca rbony l  s t r e t c h i n g  i n  a d d i t i o n  t o  the  s k e l e t o n  v i b r a t i o n  o f  
t h e  aromat ic  r i n g  (4) .  

S t r u c t u r a l  parameters were determined f rom NMR spect ra o f  t h e  coal  
l i q u i d s  i n  CSz. There seems t o  be no s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  
parameters o f  F-1 and F-2. It should be noted, however, 
t h a t  t he  CS2 - s o l u b l e  f r a c t i o n  o f  t h e  b l e n d  (F-1) i s  89.5% and t h a t  
t h e  t o l u e n e - i n s o l u b l e  f r a c t i o n  o f  F-1 c o u l d  n o t  be d i sso l ved  i n  CS2. 
I n  us ing  F-1 as feedstock, t h e r e  i s  a gradual decrease i n  f a  accompan- 
i e d  by an i nc rease  i n  the  degree o f  s u b s t i t u t i o n  o f  aromat ic  nucleus 
( (J 1, w i t h  i nc rease  i n  con tac t  t i m e  of hydroprocess ing a t  672 K. A t  
t h e  h ighe r  temperature o f  694 K, f a o f  t h e  upgraded o i l s  from F-1 and 
F-2 were decreased t o  0.33 and 0.17, r e s p e c t i v e l y .  
U-5 i s  m a i n l y  composed o f  a l i p h a t i c  compounds, and t h i s  i s  supported 
by t h e  h i g h  H/C r a t i o  (Table 2)  as w e l l  as I R  spect ra.  

Removal o f  pheno l i c  OH and a c i d i c  NH groups i n  hydroprocessing o f  SRC 
l i q u i d s  was s t u d i e d  k i n e t i c a l l y  by measuring t h e  i n t e n s i t y  o f  f r e e  OH 
and NH s t r e t c h i n g  v i b r a t i o n s  a t  3600 and 3480 cm-1, r e s p e c t i v e l y .  
r e l a t i v e  decrease of  t h e  OH and NH group i n t e n s i t i e s  i s  summarized i n  
Table 4 i n  r e l a t i o n  t o  t h e  c o n t a c t  t ime  o f  hydroprocessing o f  F-1 a t  
672 K. The removal o f  OH group was found t o  f o l l o w  f i r s t - o r d e r  k i n e t i c s  
(F ig .  2).  However, no such dependence was observed fo r  t h e  KH group. 
I t  must be mentioned t h a t  t h e  importance o f  t h e  e f f e c t  o f  mass t r a n s f e r  
Processes o r  incomplete c a t a l y s t  w e t t i n g  has n o t  been considered i n  t h i s  
d iscuss ion.  As shown i n  Fig. 2, t h e  r e l a t i v e  decrease i n  t h e  N/C r a t i o  
a l s o  fo l l ows  a f i r s t - o r d e r  k i n e t i c s  under the  same r e a c t i o n  cond i t i ons .  
The r e l a t i v e  r e a c t i v i t y  o f  oxygen removal t o  n i t r o g e n  removal i n  hydro- 
Process ing of  F-1 a t  672 K i s  est imated t o  be 2:1, from t h e  slopes i n  
F ig .  2. 

Values o f  H/C and s p e c i f i c  g r a v i t y  o f  

1.51; s p e c i f i c  g r a v i t y :  0.95 - 0.99 
N/C r a t i o  decreases w i t h  i nc rease  i n  contact  t ime and tempera- 

(Table 3). 

Table 3 shows t h a t  

The 
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Fig. 3 shows par t ia l  IR spectra of SRC l iqu ids  before and a f t e r  
hydroprocessing in  ra ther  concentrated CS2 solutions of the same 
concentration (19.2 g / l ) .  After hydroprocessing, the  i n t e n s i t  
of the  3600 cm-1 peak decreases and new absorption a t  2670 cm- 
i s  found i n  the  upgraded o i l s .  The in tens i ty  increases with 
increase in contact time and temperature of hydroprocessing. 
absorption i n  t h i s  region can be ascribed t o  the proton-transfer 
NH s t re tch ing  (N' H . . . O - )  ( 5 ) .  We have previously found t h a t  when 
a n  a l ipha t i c  amine as  triethylamine i s  added t o  the  acid/neutral  
fraction of SRC process solvent,  new absorptions were found a t  
2630, 2610 and 2505 cm-1 (6 )  and we ascr ibe  these t o  the  formation 
of proton-transfer ion ic  species, (N' H...O-). The spectrum o f  
U-5 shows tha t  i t  contains a cer ta in  amount of such species,  even 
a f t e r  almost complete disappearance of N H  s t re tch ing  a t  3480 cm-1. 
The implication i s  tha t  the proton-transfer ion ic  species a r e  
formed under present hydroprocessi ng conditions. 

Table 5 gives the infrared absorbance r a t i o  o f  CH3/CH2 f o r  the  
hydroprocessed l iquids i n  d i l u t e  CS2 solution. The r a t i o  decreases 
from 0.87 to  0.56 with increase i n  contact time of processing a t  
672 K, us ing  F-1 a s  feedstock. T h e  result may indica te  tha t  the 
upgraded o i l s  i n  t he  hydroprocessing treatment takes on a saturated 
cyclic s t ruc ture  (7) .  

Structural  parameters i n  the asphaltene f rac t ions  of the  upgraded 
l iquids a re  given i n  Table 6. 
asphaltenes tha t  the  values of Ha,/Ca ac tua l ly  decrease with increase 
in contact time o f  hydroprocessing, whereas the  reverse i s  t rue  f o r  
the unfractionated l iquids.  There i s  a l so  an increase i n  the number- 
average molecular weight o f  the asphaltenes which a re  i so la ted  from 
liquids which have been hydroprocessed w i t h  a longer contact time. 
The changes i n  properties of the various asphaltenes a re  par t icu lar ly  
intriguing, and we plan fur ther  experiments w i t h  the asphaltenes. 
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Table 3. Structural Parameters for Hydroprocessed SRC Liquids 

Proton Distribution Structural Parameters 
Sample (Area %) 

Aromatic Benzylic Ali hatic fa 0 HdHa + 1 HaJCa 
Ha Ha 80 

F-1** 38.9 27.7 33.4 0.66 0.28 2.2 0.93 
u- 1 21.4 29.7 48.9 0.49 0.42 2.6 0.99 
u- 2 19.3 28.7 52.0 0.45 0.43 2.8 1.03 
u- 3 15.7 24.6 . 59.7 0.41 0.44 3.4 0.97 
u-4 12.9 19.6 67.5 0.33 0.43 4.4 1.05 
F- 2 37.3 29.8 32.9 0.63 0.30 2.1 0.98 
u- 5 4.6 9.6 85.8 0.17 0.51 9.9 0.98 

"Separation point between H and H chosen at 6= 2.1 ppm 

**Elemental analysis of the CS - soluble fraction of F-1: C 88.2, H 8.3, 
0 2.0, N 1.18, S 0.3. 
89.5% and 99.2%, respectively. All other samples are completely soluble 
in CS 

The CZ2- soluble fractions of F-1 and U-1 are 

2'  

Table 4. Reduction of Phenolic (OH) and Acidic Nitrogen (NH) 
Groups in Hydroprocessing of the Blend of SRC I with 
SRC I1 

Sample 

u-1 
u-2 
u-3 

Unfractionated Liquid 
% OH* % NH* 
19 88 
11 82 
4.4 48 

*% of original OH and NH groups remaining in the upgraded 
liquids, determined by IR. 
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